BACKGROUND AND PURPOSE: Susceptibility weighted imaging (SWI) plays a role in the differential diagnosis of Parkinson's disease, but lacks widespread acceptance in clinical routine. In a descriptive pilot study, we assessed hypointense microstructures of the normal substantia nigra pars compacta at ultrahigh-field strength for interpretation of the "swallow tail sign."
Introduction
Fluorine-18-desoxyphenylalanine positron emission tomography (F-DOPA PET) measuring aromatic l-amino acid decarboxylase activity is regarded as the gold standard for evaluating dopaminergic function in Parkinson's disease (PD). 1 While structural magnetic resonance imaging (MRI) appears to be normal in idiopathic PD, susceptibility weighted imaging (SWI) at field strengths of 3 Tesla (3 T) and 7 Tesla (7 T) potentially provides an imaging biomarker. 2, 3 In PD patients, the 3-layer organization and the dorsolateral nigral hyperintensity (DNH) in the intermediate and lateral portion of the substantia nigra pars compacta (SNpc) are lost. 2, 4 This ovoid hyperintense spot within the otherwise hypointense SNpc seems to correspond to the so-called nigrosome 1 and thus to its largest cluster of calbindin-negative neurons. [4] [5] [6] [7] According to a recent meta-analysis, expert assessment of dorsolateral SNpc signal characteristics on images of iron-sensitive SWI sequences using clinical 3 T scanners yields very high sensitivity and specificity for assessing neurodegenerative PD versus controls. 8 Nevertheless, this imaging biomarker lacks widespread acceptance in clinical routine. 3 Describing the radiological equivalent for nigrosome 1, Cosottini et al have not confirmed their results with immunohistochemical methods to assess nigrosomal organization and iron distribution. 2 Besides providing information on iron distribution in brain parenchyma, SWI additionally visualizes (venous) blood vessels. [9] [10] [11] [12] [13] [14] Thus, SWI at ultrahighfield strength has the potential to detect subtle structures belonging to the internal anterolateral group of mesencephalic microvessels. 15, 16 The limited inter-rater agreement regarding distinction between the subtle DNH in normal subjects and the masked "swallow tail sign" in PD, especially if less experienced readers are involved, may at least be partly explained by the fact that both iron deposits and deoxygenated blood within microvessels of the midbrain cause hypointensities due to local magnetic susceptibility variations. 3, 17 We performed a postmortem case-control study utilizing ultrahigh-field strength MRI with histological correlation to visualize the respective contributions of intraparenchymal iron and intravascular deoxyhemoglobin to the hypointense "swallow tail" in SWI of normally aged dorsolateral SNpc.
Methods

MR Scanning and Postprocessing
With approval from the local ethics committee (1727/2014), six human cadaver heads were imaged using a 7 T whole-body MRI system (Magnetom Terra, Siemens Healthineers, Erlangen, Germany) equipped with a 32-channel head coil (Nova Medical, Wilmington, MA). One specimen had to be excluded due to artifacts caused by air inclusions, resulting in one male and four female cadaver heads. The medical history of these five subjects (mean age = 84 years) was free of PD or other movement disorders. For high-resolution SWI, T2*-weighted gradient-echo images were acquired with the following parameters: echo time (TE), 12 millisecond; voxel size, .23 × .23 × .62 mm 3 ; image matrix, 750 × 960 × 160; flip angle, 15°; repetition time (TR), 25 millisecond; parallel imaging factor, 2; acquisition time, 25 minutes 48 second. SWI images were created using the filtered phase and four phase mask multiplications. 13 With respect to the size of nigrosome 1, SWI contrast properties of the midbrain and the course of its intrinsic microvessels, original SWI images and minimum intensity projections (mIPs) over two slices (projection length of 1.24 mm) were chosen for the assessment process. The primary window setting was 800/1,600 (L/W).
Cadaver Preparation and Histological Staining
Following MRI, formalin fixation and preparation for histological iron and myelin staining was performed axially in 0.5 mm intervals in one brain. The Luxol fast blue with periodic acid Schiff staining method was used for myelin and the diaminobenzidine-enhanced Turnbull blue staining method for iron (di-and trivalent), as described in the literature. 18 
Image Interpretation
According to the exploratory nature of our work, the normal anatomy of SN was assessed by comparing the 7 T MR images with neuroanatomic atlas images and histological sections as specified above. 19 One expert neuroradiologist (10 years of experience in brain imaging) and one radiology resident trained in reading SWI (for clinical and research purposes) performed image interpretation in consensus. They focused on two SWI aspects: (1) depiction of DNH/"swallow tail sign" in the dorsolateral SNpc and visual correlation with histology; (2) characterization of microvascular contributions to hypointense image patterns of the midbrain.
Control Cohort
Additionally, 7 T SWI images from a control cohort of nine living subjects (six men, three women; mean age, 40.5 ± 13 years; 24-56 years), all of which showed a positive "swallow tail sign" in their midbrains, were assessed visually. The presence or absence of microvessels in vivo within the dorsolateral SNpc or in its immediate vicinity was defined in consensus. Detailed image acquisition parameters can be found in the literature. 19 
Results
In all five postmortem cases, the readers identified the SWI-related DNH (Fig 1) , which is known to correspond to nigrosome 1, at the level of the inferior third of the red nucleus (RN), the intercollicular nucleus, and the center of the mammillary body. This was, as for visual assessment, consistent with histological staining for iron (Fig 1) . The most prominent microvessels of this territory could be shown to run with variant caliber through or in direct relationship to the dorsal SNpc and along the caudolateral circumference of the RN (Fig 2) . Thus, SWI hypointensity in the medial part of the "swallow tail" was to a varying degree due to local susceptibility changes attributable to both iron deposits and vascular structures containing deoxygenated blood. Its hypointense lateral part mainly contained iron deposits and extremely small microvascular branches. Correlating MRI with histology and information derived from a neuroanatomy atlas, 20 the following structures were taken into account from lateral to medial along a virtual transverse line through SNpc: lateral iron-containing SNpc; nigrosome 1; dorsal SNpc and mesencephalic vessel(s) belonging to the anterolateral group; parvocellular portion of RN; superior cerebellar peduncle (Fig 2) . In a single case, nigrosome 1 could be shown to be penetrated by a blood vessel unilaterally both in SWI and histology (Fig 2) .
In eight out of nine control subjects, one or more microvessels were detected medial to the DNH or at least unilaterally in the medial part of the "swallow tail" (Fig 3) . One microvessel crossing the DNH was found in two in-vivo cases.
Discussion
Evaluating SWI images for abnormal signal patterns in idiopathic PD requires profound knowledge of normal midbrain anatomy and a high degree of confidence in signal properties of the normal SNpc. In this postmortem MRI study at ultrahighfield strength, we were able to characterize microstructures of the midbrain dopaminergic system as depicted by SWI, including mIPs, in non-PD subjects.
During consensus reading, DNH was consistently seen on both sides at the level of the inferior third of the RN, however, not with perfect symmetry. The bilateral "swallow tail sign" may therefore be depicted on two adjacent slices for the right and left dorsolateral SNpc. It appears worth mentioning in this context that at least one-sided limited visibility of nigrosome 1 has been reported in nearly one fourth of cases in a recent 7 T MRI study. 21 The contribution of intravascular deoxygenated blood in addition to iron deposits to the "swallow tail" pattern in SWI of normal midbrains is inconsistent. In our series, the most prominent mesencephalic microvessels belonging to the anterolateral group remained medial to DNH (Fig 1) . In a single postmortem case, however, a vessel with considerable caliber crossed nigrosome 1 (Fig 2) . This pattern was reproducible as shown in two in-vivo cases of our control cohort (Fig 3) . Translating our findings to the clinical context of PD assessment,
Fig 1. (A, B) Postmortem axial 7 Tesla susceptibility weighted images (7 T SWI) of two normal aged midbrains obtained at the level of the inferior third of the red nucleus (RN). (A)
On SWI, the hypointense substantia nigra pars compacta (SNpc), which incompletely surrounds the dorsolateral nigral hyperintensity (DNH) resembles the form of a swallow tail. Especially in the medial part of this "swallow tail sign," hypointensity is caused by increased susceptibilities due to both parenchymal iron deposits and intravascular deoxygenated blood. Microvessels (black) of the midbrain dopaminergic system can be differentiated from iron-related signal (grey) of the SN and the adjacent RN. (B) The following structures can be taken into account from lateral to medial along a virtual transverse line, as also indicated in the left-sided cartoon: Lateral iron-containing SNpc (grey area); nigrosome 1 (white oval area); dorsal SNpc (grey area) and main intrinsic vessel(s) (black letters); and parvocellular portion of RN (small grey oval area). (C) Sketch of right-sided SN (black area) at the same level depicting the "swallow tail" (arrow heads) with intrinsic microvessel (red line) and contralateral 7 T SWI pattern with correlating structures (arrow heads, "swallow tail"; arrow, adjacent microvessel). (D) Corresponding histological section stained for iron. The DNH (A, white arrows) known to correspond to nigrosome 1 (D, black arrows) can be depicted on both sides. we may infrequently expect intrinsic vessels of the midbrain dopaminergic system to be responsible for false-positive SWI interpretation.
Although a strong association between PD and the "swallow tail sign" under research conditions has been described, SWI assessment of substantia nigra still lacks widespread acceptance in clinical routine. 3, 8 The confidence in revealing inner structures of the SNpc with iron-sensitive MRI has been reported to be lower among less experienced readers and at 3 T versus 7 T. 3 A tendency toward underestimating pathologic iron deposition in 3 T SWI mainly reduces its role in the differential diagnosis of PD at a single-subject level. 3 In their recent ultrahigh-field study on the reliability of the "swallow tail sign," Schmidt et al hypothesized that its inconsistent occurrence may, to a certain extent, be due to a variable molecular organization of nigrosome 1. 22 In the pathogenesis of PD, a decrease of neuromelanin-containing dopaminergic neurons and varying iron loads on neuromelanin are considered important factors. Therefore, transverse MR relaxometry may be an additional tool for the separate evaluation of neuromelanin and iron distributions with the progression of PD. 23 Massey et al have recently used 9.4 T MR microscopy with spin echo technique to define SN anatomy. 24 In accordance with the pathological literature, SN dimensions have been found by these authors to be similar in PD specimen and controls, but reduced in progressive supranuclear palsy. 6, 7, 24 SWI, as applied in our study, additionally provides physiological information. 9, 10 Iron in venous deoxyhemoglobin causes T2*-related signal loss in the magnitude images and paramagnetic phase shifts relative to surrounding tissue, yielding high contrast SWI images. 25, 26 Since arterial blood deoxygenates after death, the potential of SWI to separate venous from arterial blood does not play a particular role in postmortem studies. Both arterial supply and venous drainage of the mesencephalon may be divided into four territories, respectively. 20 The anterolateral territory is supplied by the anterolateral group of mesencephalic arteries arising in ascending order from the collicular, posterior medial choroidal, posterior cerebral, and anterior choroidal arteries. 20 The anterolateral venous territory is drained by the anterolateral group of mesencephalic veins draining into the basal and interpeduncular veins. 20 mIPs derived from SWI are routinely used to visualize deoxyhemoglobin containing vessels. Appropriate postprocessing including favorable window settings may generate image contrasts enabling us to detect iron containing brain parenchyma, as well as to differentiate microvascular structures from iron depositions. 16 With respect to the size of nigrosome 1, SWI contrast properties of the midbrain and the course of its intrinsic microvessels, we believe that creating mIPs over a projection length of more than about 2 mm may not be preferred over original SWI images. Such technical aspects and the clinical value of our findings should be evaluated in further investigations, preferably at 3 T.
This leads to the limitations of our experimental study. First, the number of subjects is limited and, therefore, may not account for rare angioanatomical variants. Second, in postmortem SWI measurements, deoxyhemoglobin leads to hypointense signal not only in veins but also in arteries, which is not true for clinical MRI. Only with considerable uncertainty would it be possible to differentiate mesencephalic microvessels on SWI images according to their course and caliber. However, comparison with imaging results in our in-vivo cohort suggests that at least part of the microvessels detectable with SWI postmortem within or in the medial vicinity of nigrosome 1 are venous vessels. Third, our case-control study lacks age match due to limited availability of SWI datasets derived from the same 7 T scanner. Fourth, conclusions drawn from MRI at ultrahigh-field strength should be translated with caution to clinical high-field MRI and both scanning as well as postprocessing algorithms have to be adapted. The loss of the hyperintense spot in the lateral component of the intermediate tier of SN is known to be less evident at 3 T and may leave some uncertainty in defining the abnormal imaging aspect in PD. 3 Consequently, knowledge of what causes or influences signal characteristics of the dorsolateral SNpc may be more important in clinical MRI at 3 T with its inferior image quality.
In conclusion, by appropriate choice of imaging parameters, we were able to show the contribution of iron deposits and microvessels to the SWI hyposignal surrounding nigrosome 1 in postmortem non-PD midbrains. Intrinsic vessels of the midbrain dopaminergic system may occasionally be responsible for false-positive identification of the masked "swallow tail sign" in the assessment of dorsolateral SNpc. Our results may help to increase confidence in this SWI pattern highly suggestive of idiopathic PD and foster its broader acceptance and application in clinical routine.
